The causal agent of malaria was discovered over 100 years ago. Since, clinical details relating to each *Plasmodium* species capable of infecting humans have been documented (*Plasmodium falciparum*, *Plasmodium vivax*, *Plasmodium malariae,* *Plasmodium ovale* and *Plasmodium knowlesi*), as well as morbidity and mortality statistics and basic disease findings ([@B5], [@B70]). Over the last several decades, molecular biology has enabled major advances beginning with traditional gene cloning, cell biology and pathogenesis studies ([@B59]), followed by the sequencing, annotation and investigation of complete genomes from several human and primate malaria parasites ([@B23], [@B10], [@B53], [@B63]). Furthermore, molecular and cell biological technologies have aided the development of rapid diagnostic tests (RDTs) for clinical care and epidemiological studies ([@B46], [@B50]), the development of drugs, the monitoring of drug resistance and advanced research towards developing malaria vaccines ([@B9], [@B27]).

Despite much meaningful progress and significant efforts to tackle these species, the remaining gaps in our understanding of the intricate relationship of *Plasmodium* with its host remain a barrier in the fight against malaria ([@B19], [@B49], [@B2]). Relatively few specific host-parasite interactions are currently known for malaria ([@B8], [@B56]), let alone a deep understanding of the cascade of molecular, biological and pathogenic events that occur in each phase of the parasite's life cycle. Critically, each interaction has undefined consequences in terms of downstream biology while details of the parasite's impact on the host's immune responses and pathogenesis are not yet completely understood. The current post-genomic era of systems biology has the potential to provide scientific knowledge in greater depth than possible before ([@B46]) and predictably help identify new targets of intervention and improve clinical care. The benefits of systems biology approaches to specifically understand host-parasite interactions in malaria are rapidly becoming apparent and are anticipated to multiply in the near future ([@B42], [@B21]).

Systems biology comprises an increasing number of omic technologies that have become relevant for malaria research; for example, transcriptomics, proteomics, lipidomics, glycomics, epigenomics and metabolomics, among others. By combining in-depth innate and adaptive immune profiling with cell-biological and biochemical methods able to probe and visualise biological systems in action, researchers are prepared to enter the hidden world of *Plasmodium* like never before. The study of single omics data types has rapidly progressed to multiple and integrated omics, notably to initially reveal the parasite's transcriptome and proteome and how they relate to each other ([@B43], [@B18]). The field of integrated omics remains relatively new, but this is clearly the challenge of the day when considering the potential benefits of making genome-wide associations involving more than two types of large omic datasets and considering the host and pathogen simultaneously ([@B4]). PlasmoDB has been a trailblazer for illuminating the power of integrated omics by incorporating new types of omic datasets generated by the community as new technologies become available ([@B37], [@B4]). The stakes are raised with computational biologists now using such large datasets to formulate testable biological systems-based models to enhance hypothesis-driven inquiries regarding specific host-pathogen interactions, associated molecular cascades and their downstream events and consequences ([@B31], [@B67]). This is a goal of the Malaria Host-Pathogen Interaction Center (MaHPIC) (systemsbiology.emory.edu), a research consortium focused on the systems biology of malaria infections in non-human primates (NHPs) and involving a growing network of scientists investigating different aspects of human clinical malaria in the field.

Here we focus on high-resolution metabolomics, one of the omics techniques embedded in the MaHPIC. We review its contribution to malaria research and its predicted value in improving our understanding of malaria pathophysiology, clinical care and malaria eradication efforts.

*Metabolomics: the nuts and bolts* - Metabolomics is the study of chemicals in biosystems. It has become an incredibly powerful tool to investigate metabolism in-depth, its byproducts and associated networks; this applies for studying malaria infections in the context of the host. Top-down metabolomics approaches investigate thousands of metabolites, in contrast to targeted bottom-up approaches focused on small numbers of specific metabolites and their biochemical relationships ([@B34], [@B33]). Metabolomics is revealing biochemistry processes and end products inherent within specific cells, tissues, bodily fluids, organs or whole organisms and, importantly, metabolomic data can be experimentally developed and compared using in vitro or ex vivo systems. Furthermore, metabolomics is uniquely powerful in providing measures of genome function as well as environmental exposures (e.g., unknown toxins, food and medicine intake, cosmetics, cleaning agents, exhaust fumes etc.) ([@B33]).

The latest analytic methods used in metabolomics can measure \> 20,000 chemicals in biologic samples and enable metabolic phenotyping with detail approaching that of genotyping ([@B66]). Briefly, analyses start by using high-resolution mass spectrometry to separate and measure thousands of small molecules present in a biologic sample (typically \< 100 μL of serum, plasma, bone marrow, cerebrospinal fluid, urine, saliva, solid tissue etc.). Mass spectrometry detects chemicals as ions in the gas phase, expressed as mass/charge ratio. High-resolution instruments have sufficient mass resolution and mass accuracy to allow prediction of the elemental composition. When used exclusively for biological samples with advanced data extraction algorithms to reduce experimental noise, these instruments are exquisitely sensitive to detect low abundance chemicals. In consequence, these methods produce increasingly rich datasets and utilise advanced computational methods, bioinformatics and biostatistics ([@B61], [@B66]) to link function of the genome to environmental challenges (including malarial infection). Statistically significant metabolites detected in a given clinical sample are compared to publicly available databases to confirm their association in known metabolic reactions (i.e., Krebs cycle, urea cycle, glycolysis etc.) (Supplementary data).

There are many additional resources available to aid in bioinformatics and biostatistics analysis of data ([@B4], [@B35], [@B72]). Using a top-down approach, with the analysis of thousands of data points, one can test for significant differences among groups or following treatments as a metabolome-wide association study ([@B52]). This is visualised as a Manhattan plot of the negative log~10~ of the p-value for each metabolite ([Fig. 1](#f01){ref-type="fig"}). Because such analyses include many comparisons, false discovery rate adjustment by a method such as that of Benjamini and Hochberg is usually appropriate. This can be indicated by a broken line, along with the appropriate criteria, e.g.,*q* = 0.05 ([Fig. 1](#f01){ref-type="fig"}). The stringency is often different for discovery-based research and biomarker development. For instance, if one is interested in pathways altered following infection with *P. falciparum*, it would be appropriate to set the criterion more liberally at *q*= 0.2 to avoid overlooking pathways due to small sample size or analytic variability. On the other hand, for biomarker development, greater stringency would be appropriate, such as *q* = 0.05. The Emory Clinical Biomarkers Laboratory at Emory University continues to develop these technologies along with the xMSanalyzer as a pipeline and other algorithms for high-throughput analysis to study biological network activities ([@B66]).

Fig. 1: this Manhattan plot depicts false detection ratio (FDR) analysis of 1,168 mass to charge ratio (*m/z*) features comparing 26 patients and 19 controls. The negative log p-value is plotted against the *m/z* features. The x-axis represents the *m/z* of the features, ordered in increasing value from left to right (85-850). The colouring of the symbols is arbitrary. A total of 94 features significantly differed between patients and controls at an FDR of *q* = 0.05 (above horizontal dashed line). Adapted from Osborn et al. (2013).

*Metabolomics: the promise* - Metabolomics will help to discern a multitude of malaria host-parasite interactions and distinguish metabolic differences between various clinical and control groups ([@B40], [@B24], [@B68]). These data become complementary to other available datasets (clinical and otherwise) and the integration of these can lead to a better understanding of biologic processes and networks associated with a disease state. In addition to dissecting the metabolic ramifications of infectious or chronic diseases, metabolomics can also analyse the effects of host interactions with symbiotic organisms (i.e., the gut microbiome) and a myriad of environmental exposures, which will differ depending on geographical and cultural norms ([@B33]). In fact, in recognition of the importance of how all such factors impact the evolving metabolomes in cells, tissues, organs and in the overall health of individuals, the concept of a phenotypic sum of internal and external factors expressed in an organism's metabolic reactions accumulated over time has become established in recent years and is known as the "exposome" ([@B62]). Clearly, one can study host-pathogen interactions for malaria and other health conditions, but recognition of the potential impact of the exposome is important. The exposome will differ between individuals, depending on their genetics and day-to-day habits and great differences are expected from cultural, ecological, geographical and environmental exposures of peoples from around the world.

Pertinent to this discussion, metabolomics is a key scientific component of the MaHPIC systems biology project (systemsbiology.emory.edu), in addition to clinical monitoring, immune profiling, functional genomics, proteomics, lipidomics and other omic technologies that prove to be applicable ([Fig. 2](#f02){ref-type="fig"}). The MaHPIC investigates malaria through intensive monitoring and scientific analysis of *Plasmodium* infections in NHPs. High-throughput data analyses combined with clinical and other metadata relating to each animal subject and pathology associated with infections permit subsequent mathematical modelling of the array of existing host-pathogen interactions and networks. Ultimately, MaHPIC's aims include data integration, experimental iterations and sharing of project data via a relational database ([@B38], [@B4]) for use by the broad scientific community ([Fig. 2](#f02){ref-type="fig"}). Metabolomic analyses of plasma or sera samples from de-identified human clinical isolates from different malaria endemic regions of the world are highly complementary and become related to and compared alongside the data generated in the NHP models. Metabolomic information from human samples is particularly useful when they are associated with related data that can become integrated into MaHPIC's analyses and computational models: e.g., regarding the infecting species, parasitaemias, clinical status of the patients and potentially genomic, transcriptomic or immune profiling data.

Fig. 2: Malaria Host-Pathogen Interaction Center (MaHPIC) workflow overview. Non-human primate (NHP) experiments carried out by the Malaria Core produce samples (whole blood, plasma, bone marrow and cell extracts) to be analysed by various MaHPIC scientific cores; several cores are depicted here by round symbols. Data is catalogued by the Informatics Core and further analysed by all cores as well as the Mathematical Models and Computational Analysis Core. The Metabolomics Core also analyses human plasma samples contributed by collaborators working in malaria endemic areas around the world. CBC: complete blood counts; LIMS: Laboratory Information Management System; *m/z*: mass to charge ratio; RBC: red blood cells.

The MaHPIC remains open to collaborations where the addition of high-resolution metabolomics of human samples is complementary and beneficial to ongoing clinical research studies in malaria endemic regions and where the strengthening of systems biology approaches pertinent to understanding malaria is a shared goal. Malaria researchers are, in essence, at the cusp of realising the potential for conducting systems biology research at a clinical level. Scientists can gather and assess information at specific time-points during clinical infections (e.g. upon diagnosis and after treatment) and use this information to contrast, compare and validate hypotheses. However, routine sampling of blood or other tissues, such as bone marrow, from malarial human patients is not ethically justifiable. The NHP models, with ethical review and guidelines strictly adhered to, serve a great purpose in this regard, as repeated sampling is feasible over the time-course of infections and tissue samples can also be obtained prospectively.

While malaria systems biology studies with human samples have the potential to be highly informative, NHP model systems ([@B13], [@B20]) have the advantage of allowing in-depth analysis of malaria infections at specific time points during an infection and over time; 100 days in the case of current MaHPIC experiments. Over a five-year period, MaHPIC infections of NHPs are designed to study the parasite metabolome at different growth phases of the parasite's life cycle and the host-parasite metabolome as it is generated in the course of infections caused by different species. *Aotus* *nancymae* monkey infections are initiated by *P. falciparum* and *P. vivax* sporozoites to best model the respective disease as it naturally occurs in humans ([@B11]). The respective model species, *Plasmodium* *coatneyi* and *Plasmodium cynomolgi,* are studied *via* sporozoite infection of *Macaca mulatta* (rhesus macaques) ([@B16], [@B21], [@B48]). *P. knowlesi* is also studied as a zoonosis of humans ([@B60], [@B57]), in its natural host (*Macaca fascicularis*) and in rhesus macaques. This species produces a mild resolving infection in its natural host and a severe infection that becomes lethal if not treated in the experimental rhesus macaque host. For all such infections, or co-infections (e.g., *P. falciparum* and *P. vivax* or *P. coatneyi* and *P. cynomolgi*), multiple omic datasets, clinical and immune response data and various associated metadata are being catalogued and studied to understand the progression of disease processes and illness as it relates to the infections and the evolving states of host immunity.

In malaria research, it is hoped that metabolomic differences will be instructive with regards to the pathogenesis of severe and non-severe cases of malaria and advance our knowledge about the biological differences of the *Plasmodium* species and their distinctive host-pathogen interactions, including host cell invasion, elements of the immune response and evasion tactics. In other instances, metabolomics may prove to be useful to distinguish the presence or activation of hypnozoites, the quiescent forms of *P. vivax* and *P. ovale* in the liver that upon activation are responsible for relapsing infections in the blood ([@B49], [@B69]). The eventual analysis of hundreds of speciated samples (for infections harbouring single and multiple species of *Plasmodium*) from different areas of the world with different cultures, dietary habits, environmental exposures, ecologies and transmission patterns, along with associated clinical and other experimental datasets is predicted to add a new perspective to our current knowledge of malaria.

It is critical to recognise that the metabolome is in constant flux, being influenced by innumerable endogenous and exogenous factors, malaria infection being but just one. The *Plasmodium* parasites alone have unique effects depending on the infecting species, strain(s) and the specific host makeup. In addition, there can be some variability in the experimentally determined metabolome depending upon how and under what conditions samples are handled, processed or stored. For the MaHPIC, frozen clinical samples are used for metabolomics analyses and ideally without being subjected to repeated freeze-thaw processes that may result in the alteration or degradation of some metabolites or in the persistence of unnatural byproducts or artifacts. When planning prospective studies, it will be wise for investigators to establish standard operating procedures for the collection and freezing of clinical samples that are slated for metabolomics to best ensure the development of data that most closely mimics the metabolome of the in vivo sample at the time of collection. This is especially important when considering the varied circumstances, temperatures, clinical environments and experimental conditions where samples may be collected, especially under endemic field conditions and the potential time differences between sample acquisition and freezing.

*Metabolomics to understand malaria biology - Blood stages*- Over the last decade, several independent groups have endeavoured to characterise the metabolic profile of *Plasmodium* species, with a predominance of the literature focusing in *P. falciparum*. [@B64] identified \> 50 parasite-specific metabolites in *P. falciparum*blood-stage in vitro cultures. Also using cultures, [@B51] was able to quantify the levels of approximately 200 known metabolites in *P. falciparum* during the intra-erythrocytic stage, describing for the first time the conversion of arginine to ornithine by parasite arginase.

*Liver and mosquito stages -* To our knowledge, no studies to date have reported the use of metabolomics to understand the biology of either the parasite's liver or mosquito stages. Liver stages are not as readily accessible as the blood forms and there is still a need for the use and improvement of in vitro culture techniques and animal models. NHP models remain especially critical for the *Plasmodium* species that form hypnozoites, in particular *P. vivax* and its simian malaria "cousin", *P. cynomolgi*, as a model ([@B15], [@B14], [@B13], [@B20], [@B6]). Studies in NHPs liver tissue are hoped to help identify metabolites to distinguish primary liver-stage forms, hypnozoites and activated hypnozoites in these species. Once key metabolic pathways are known in the animal models, these could be studied in humans in search of biomarkers and therapeutic targets.

*Less studied species of Plasmodium -*As the genomes of the less common and evolutionarily diverse *Plasmodium* species (*P. malariae* and *P. ovale*) ([@B1], [@B17]) have not yet been fully described, metabolomics may provide a critical complement to genetics to understand the biology of these species. This would be possible, if indeed the metabolome represents a phenotype or readout of the *Plasmodium* genotype. For example, similar metabolic pathways detected between two *Plasmodium* species (where only one has a known genome) would represent key evidence of the presence of similar genotypic information in the species with the yet unknown genome. Metabolomics can also be used to accelerate our understanding of the pathophysiology of the less common species as well as provide potential diagnostic markers that would help greatly in avoiding misdiagnoses ([@B32], [@B47]).

*Clinical implications in malaria* - *Diagnostics*- Currently, malaria diagnostic tests are mainly via blood smear microscopy, antigen-based RDTs and nucleic acid amplification ([@B50]). It is possible that metabolomics can yield novel biomarkers for use in new diagnostic tools. [@B41] demonstrated a plant like alpha linolenic acid in *P. falciparum*. [@B58] carried out a study analysing urine of *P. vivax* infected, uninfected individuals and febrile controls and found that ornithine was differentially present in infected individuals. The use of metabolomics for the discovery of diagnostic biomarkers will ideally become focused on non-invasive sampling such as saliva or urine samples, which will improve feasibility, compliance and possibly cost. Specific biomarkers for each species and for particular disease states (severe vs. non severe, cerebral malaria, asymptomatic carriage of liver forms etc.) could be developed following this approach. Such biomarkers could also specifically help detect asymptomatic travellers returning to non-endemic areas and be used as a tool to identify individuals in need of therapy to prevent the onset of patent clinical malaria.

*Prognostics -* [@B51] used metabolomics to study *P. falciparum* infections and postulated a potential link of parasite-induced hypoargininaemia with the development of cerebral malaria. [@B7] used the *P. berghei* mouse model of cerebral malaria to study the metabolic alterations in urine, serum and brain. They observed metabolic alterations that were different in female and male hosts suggesting that the host sex may affect disease prognosis and treatment. More recently, [@B25] used the same model to assess the metabolism of kidney and spleen tissue from infected mice. They discovered distinct lipid and tricyclic acid metabolism in infected mice with cerebral malaria. Similar studies carried out on infected humans with distinct forms of severe malaria (i.e., severe anaemia, neurological involvement and respiratory distress) could lead to the discovery of prognostic biomarkers. Metabolomics holds promise as a means to bring together expert clinicians and basic scientists to accelerate progress with our understanding of clinical malaria, its pathophysiology and severity. One such application is the use of metabolomics to address the complex issue of *P. vivax*severity ([@B39]) and how it differs from *P. falciparum* severity, where in both instances a myriad of host and parasitic factors are likely to play a role. Metabolomics may also prove useful for differentiating those individuals ill due to exacerbation of undiagnosed comorbidities vs. those due specifically to malaria.

*Therapeutics* - By detecting unique metabolic pathways inherent to the parasite in its different stages (liver or blood), metabolomics provides an opportunity to discover novel candidate therapeutic targets. For example, the use of metabolomics led to the identification of isoprenoid ([@B12]), carotenoid ([@B65]) and glycerol ([@B45]) biosynthesis pathways which were not known to occur in *P. falciparum*. Metabolomics could also help discover metabolic pathways inherent to latent infections (hypnozoites) that could be addressed pharmacologically, possibly providing alternatives to primaquine, currently the only US Food and Drug Administration approved medication for hypnozoites. Primaquine has the disadvantage of being associated with significant side effects in individuals with glucose 6-phosphate dehydrogenase deficiency and new drugs without this liability would be greatly welcomed ([@B29]).

*Biomarkers of drug resistance*- There is increasing concern regarding *P*. *falciparum* and *P.* *vivax* resistance to current medications ([@B3]). One possible mechanism of resistance to anti-malarials is the modification of *Plasmodium*metabolism. As such, metabolomics would be an opportune new strategy to investigate and develop biomarkers of resistance. These biomarkers would be of utmost relevance to the clinician treating the individual patient, but would also be of use to the epidemiologist attempting to measure the prevalence of resistance in a given geographic area or population. Such indicators, if available, would be quite useful for policy decisions.

*Metabolomics and malaria eradication* - Today's global agenda for malaria eradication requires the intensive monitoring of *Plasmodium* parasites, their transmission and cases at a population level along with strategic elimination strategies ([@B2]). There are multiple possible targets of intervention in the *Plasmodium* life cycle: mosquito stages, liver stages and blood stages (asexual and sexual infected red blood cells). These various life forms can be better characterised using metabolomics technologies with the benefit of the possible detection of biomarkers relating to their different stages of growth, development and transformation.

*Ecologic studies* - Measuring the genetic diversity in parasite populations has been postulated as a useful tool in the study of malaria/human ecology ([@B28]). This strategy provides insight into the impact of ecologic factors (i.e. geographic barriers to mosquito dispersion, human migration patterns etc.) on malaria transmission and persistence in a given region. Similarly, we postulate that metabolomic variations in parasitic populations would likely include the effects of such ecologic factors and would add the effect of a myriad of other environmental factors, thus providing a strategy complementary to the currently ongoing eradication efforts.

*Elimination strategies* - It is hoped that metabolomics will aid the diagnosis of asymptomatic carriage of *Plasmodium* hypnozoites, which is critical in drug administration efforts aimed at decreasing this hidden biomass and reducing the prospects for relapsing infections and mosquito transmission ([@B30]).

*Malaria vaccines*- Systems biology approaches are being increasingly applied in the field of vaccinology, including malaria vaccine development where new avenues forward are required ([@B26], [@B27]). The use of metabolomics in the testing of malaria vaccine candidates may aid the understanding of immune responses upon vaccination. Importantly, various high-throughput omics and immune profiling strategies, including metabolomics, benefit from current technologies that utilise small sample volumes amenable from trial participants ([@B22]). Predictive systems biology strategies, recently coined "systems vaccinology", generate and integrate large datasets to bring novel perspectives to the study of vaccines and their effectiveness ([@B54], [@B44], [@B55]). Metabolomic signatures will predictably be of increasing value in helping to pinpoint the immune system pathway(s) affected by specific malaria vaccine candidates and serve as biomarkers of vaccine effectiveness.

*Open international collaborations* - This is the beginning of an era of unprecedented datasets, with thousands of data points. As systems biology approaches gain traction, the malaria research community will be faced with a data avalanche, with great prospects anticipated for revealing new targets of intervention in the fight against malaria. Metabolomics approaches are expected to expand through the future and potentially become commonplace in hospitals and clinics, not just for diagnostic purposes, but to provide predictive health insights and advice towards the prevention of illness and disease. High-throughput technologies and capabilities are becoming utilised in an increasing number of laboratories worldwide and through collaborations.

The MaHPIC has begun to establish an interactive network of scientists interested in malaria systems biology and metabolomics. A primary goal of the MaHPIC is to work collaboratively and generate global, integrated datasets that can be accessed by researchers from various fields, with both new and existing tools. Data from the MaHPIC will be released to the most appropriate public repositories including PlasmoDB ([@B4]), the National Center for Biotechnology Information, GenBank, Gene Expression Omnibus etc. Links to data as they become available will be established at systemsbiology.emory.edu.

Just as the genomics era attracted individuals with unique skills in bioinformatics, systems biology is attracting individuals with expertise in biology and mathematics. Carrying out metabolomics analyses specifically requires in-depth knowledge in biochemistry and biostatistics. Students and fellows will have many opportunities to mine the data and workshops will become helpful to expedite training and the development of programs to streamline analyses. Ultimately, the power of the data should become a magnet for scientific leaders. Many experts will be needed to make sense of the data and reap the benefits.

Malaria remains one of the largest global health problems with an estimated 627,000 deaths and 207 million cases annually ([@B71]). Despite over 100 years of research to understand, prevent, diagnose and treat malaria, over two billion people in close to 100 countries remain at risk of infection, mainly in resource-limited settings. Critical advances have been made in prevention, detection, prognosis and cure, but elimination is hampered by our incomplete understanding of the complex nature of the disease. Five species of *Plasmodium* cause malaria in humans and the intricate life cycle, human immune response and multitude of human-parasite interactions that occur during the infections, contribute to the challenges of this public health problem. Genomics capabilities have advanced to provide the tools to help understand the genetic bases of host susceptibility and pathogen life cycle. Metabolomics has the unique power of revealing thousands of metabolites that reflect the function of parasite and host genomes, as well as environmental exposures. In summary, the coordinated use of metabolomics with other systems biology approaches holds much promise for the identification of new targets of intervention and the development of new tools for the diagnosis, treatment and ultimate elimination of malaria.
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